Optogenetics promises spatiotemporal precise control of neural processes using light.
INTRODUCTION
Optogenetic modulation of neuronal activity has become the dominant method of examining the behavioral consequences of activity in specific neuronal populations in vivo. The prevalence of experimental paradigms based on optogenetics is due to the synergy of research advances in two distinct but well--connected fields: the development of ever--improving light--activated modulators of electrical activity 1--3 and of technologies to deliver light within the brain of free--moving animals 4--8 . Nevertheless, attaining the full potential of optical neural control requires new technologies to better control the spatial extent of light delivery and more precisely match illumination to the heterogeneous structure of the brain.
In certain applications, it is necessary to deliver uniform illumination to large brain areas, whereas for other applications confined illumination of small brain volumes is preferred.
Ideally, both modes of illumination could be accomplished via a single, reconfigurable device.
To this aim a number of approaches have been developed, including multiple implanted waveguides 8--10 , multiple micro light delivery devices (µLEDs) 6, 7, 11, 12 and multi--point emitting optical fibers (MPFs) 13, 14 . All these techniques allow for site selective light delivery, and can extend the illuminated brain volume by activating multiple emission points. Furthermore, the light delivery pattern can be reconfigured during the experiment. On the other hand, they are limited by several downsides: implanting multiple waveguides is highly invasive, µLEDs can heat tissue during prolonged illumination, and MPFs require higher input laser power to produce viable optogenetic control. Importantly, likely due to the difficulty and cost of building the required devices, these approaches remain niche applications and have not been broadly utilized in neuroscience labs. Indeed, the most common light delivery method for optogenetic experiments remains flat--faced optical fibers (FFs), which deliver highly spatially heterogeneous illumination to a relatively small and fixed brain volume near the fiber facet.
Furthermore, due to the relatively large and flat area of the cleaved end, these fibers can cause substantial tissue damage during insertion.
Here we describe a tapered optical fiber (TF) whose emission properties can be simply and dynamically reconfigured to switch between relatively homogenous large volume light delivery and spatially restricted illumination. Multiple wavelengths of light can be independently modulated and directed to subvolumes of interest. The device consists of a single, thin and sharp waveguide, thus minimizing its invasiveness. To demonstrate the suitability of this approach for more uniform and efficient illumination of extended brain structures, experiments were performed in the primary motor cortex and striatum of awake head--restrained and freely moving mice. We also demonstrate that by controlling the angle at which light is injected into the fiber, TFs can emit light from sub--portions of the taper to produce spatio--temporally resolved patterns that subsample the volume of interest. We use this approach to achieve site specific optogenetic stimulation and demonstrate that activation of indirect pathway striatal projection neurons (iSPNs) in dorsal vs. ventral striatum has different effects on locomotion in freely moving mice exploring an open arena. Thus TFs provide a simple, inexpensive, and easy to operate multipurpose system for optical control of neural activity.
RESULTS

Design principles of tapered optical fibers
TFs are multimode fiber optics that have been engineered to taper gradually from their full width (125--225 µm) to ~500 nm. The taper angle is small (2°<ψ<8°) such that the taper length varies between 1.5--5.6 mm (Fig. 1 ). This design was chosen to permit smooth insertion into the brain, reduce the implant cross--section, and expose a large area of the fiber core for potential light emission. Three--dimensional ray--tracing and geometric models demonstrate the working principle of the device (Fig. 1a--b) . A ray injected into the core/cladding section of the fiber with an input angle θ is guided via total internal reflection (TIR) to the tapered region. At each reflection of the ray its propagation angle with respect to the fiber optical axis increases by an amount equal to the taper angle ψ (Fig. S1 ). This occurs until a critical section is met, at which TIR is lost and the ray therefore radiates into the surrounding medium. The distance between this light--emission point and the taper tip depends on θ such that increasing θ moves the emission section further from the tip (Fig. 1b) . The dependency of the output from the taper tip on input angle is determined by the fiber numerical aperture (NA) and taper angle (Fig. S2 for optical fibers with NA 0.22 and 0.39 and ψ=2.2° and ψ=2.9°, respectively). Therefore, the light input angle θ selects the output zone along the length of a specific taper.
A direct consequence of this dependence of the position of light emission on θ is that TFs can be used to emit light along the fiber in two fundamentally different ways. First, when the full NA at the fiber input is used to inject light into the TF, light is emitted from a broad extent of the taper (Fig. 1c) , as desired for illumination of spatially extended brain regions. For example, the entire cortical thickness or the dorsal--ventral access of the striatum. For a fiber of a particular NA, the length of the light--emitting segment (L) depends mainly on the taper angle. Ray tracing simulations indicate that L can be tailored from a few hundred micrometers up to a few millimeters in the case of 0.22 and 0.39 NA fibers with taper angles ψ ranging from 2.2° to 7.4° (Fig. S3 ).
We experimentally verified this effect in 0.22 and 0.39 NA fibers of various taper angles by immersing the taper in a fluorescein solution and imaging the resulting fluorescence distribution (Fig. S4) . A decrease of the taper angle increases the length of the emitting segment up to 1 mm in the case of 0.22 NA 50 µm/125 µm core/cladding fibers and up to 2 mm in the case of 0.39 NA 200 µm/225 µm fibers (Fig. 1d) . Thus, in this light--injection mode, a TF with the proper NA and taper angle can be chosen to match the linear extent of light output to the size of many mouse brain structures.
In order to compare the ray--tracing model with experimental results, we evaluated the emission length, referred to as L0.5, over which the delivered intensity is maintained above 50% of its peak (Fig.  S4) . We found good agreement between modeling and experiments for both 0.39 NA and 0.22 NA fibers ( Fig. 1d and Fig. S4 ). The slight differences observed at low ψ for 0.39 NA fibers arise because the taper is assumed to be perfectly linear in the ray tracing model, whereas the real structure has a modest parabolic shape (Fig. S5) . The diameter at which light starts to out--couple and the total light power delivered are nearly independent of the taper angle (Figs. S6). As a consequence, manufacturing TFs with lower taper angle ψ spreads the available power over a larger taper surface ( Fig. S7 and Fig. S8 ), potentially allowing light delivery to a more elongated brain region.
Illumination of large brain volumes with TFs
Flat cleaved optical fibers ('Flat Fibers' or FFs) are commonly inserted just above a brain volume of interest and the delivered light is strongly attenuated by the tissue, allowing excitation of neurons located only up to a few hundreds of micrometers from the fiber end 15--17 . Significant excitation of neurons further from the fiber face requires large increases in laser power to overcome the typical exponential decay in power density from the fiber face. In contrast, by virtue of their thin and sharp edge, TFs can be inserted into the volume of interest and light delivered along the length of the taper (Fig. 2) . To evaluate the illumination pattern achieved in light absorbing and scattering brain tissue, we implanted TFs and FFs into fluorescein impregnated fixed mouse brain slices and imaged the fluorescence generated by light emitted from the fiber (Fig.  2a) . FFs illuminate a small brain volume and fluorescence is strongly attenuated after a few hundred micrometers from the emitting flat end facet (Fig.   2b ). In contrast, TFs emit light along the taper length, resulting in elongated and more homogenous illumination of the tissue (Fig. 2c --d ).
The differences in tissue illumination achieved by TF and FF arise from two important differences: (1) TFs emit light along a larger surface, i.e. the cone defined by L and ψ; (2) Light emerges from the TFs at a non--zero angle with respect to the taper axis (e.g. Fig. 1c) . As a consequence, tissue absorption and scattering do not determine light distribution along the fiber axis as in FFs, but along the direction of emitted light, which has a significant component perpendicular to the taper axis. Notably, the depth of the excited volume can be tailored by selecting the taper geometry and the fiber NA, instead of by increasing the laser power as commonly done in experiments with FFs. For instance, TFs with 0.22 NA and ψ=2.2° deliver light for the whole cortical depth, whereas using TFs with 0.39 NA and ψ=2.9° most of the depth of the striatum can be illuminated (Fig. 2c--d) .
In vivo examination of effective excitation in striatum, a large brain structure
In order to characterize the activity patterns associated with TFs light delivery in vivo, we compared the ability of TFs and FFs to activate ChR2 expressing cells in striatum, a large subcortical nucleus. Either a TF (0.39 NA and ψ=2.9°) or a FF (0.22 NA or 0.39 NA) was implanted in the striatum of transgenic mice (Ador2a--Cre; Ai32) expressing ChR2 in the indirect striatal projection (iSPNs) neurons (Fig. 3 ). This mouse was selected for analysis because iSPNs are GABAergic neurons that locally inhibit other striatal neurons and inhibit recurrent excitatory inputs into striatum, minimizing secondary activation of cells not expressing ChR2 18 . The TF was implanted at a depth of 3.7 mm and the FF at 2.3 mm, respectively. Light (473 nm, 1 mW outputted at fiber exit) was delivered at a 30 sec on/30 sec off cycle for 1 hour to awake animals in their home cages. To compare the spatial distribution of cells activated by light delivered through TFs and FFs, animals were euthanized 2 hours post stimulation and we performed fluorescence immunohistochemistry for c--fos, the protein product of an immediate early gene whose expression is regulated by neuronal activity 19 .
Stimulation through the TF resulted in more uniform c--fos induction across approximately 2 mm of the dorsal ventral axis of the striatum (Fig. 3a--b) , compared to the more spatially restricted induction in FF implanted animals ( Fig. 3c--d) . Furthermore, although light delivery through the TF stimulated cells throughout the dorsal/ventral axis (i.e. along the axis of the fiber), differential placement of the fiber permitted selective stimulation of either lateral or medial sub--regions of striatum (Fig. 3b) . Thus, as suggested by the simulations and fluorescence excitation ex vivo (Figs.  1--2) , in vivo TFs deliver light across a spatially extended volume of tissue surrounding the thin fiber. Control experiments showed minimal c--fos in animals that expressed ChR2 in iSPNs but did not receive light stimulation and in wild type animals negative for ChR2 that did receive light stimulation (Fig. S9) . Lastly, a clear advantage of the TF compared to FF was the minimal damage induced in the tissue (Fig. S10) , likely a result of the tapered profile that culminates in a sub--micron size tip.
Optogenetic control of motor cortex with TFs
In order to examine the potential benefits of more uniform light delivery in vivo, TFs were tested in the primary motor cortex of awake head--restrained VGAT--ChR2 BAC transgenic mouse 20 , which express ChR2 in all inhibitory neurons ( (NA=0.22, core diameter 50 µm) required 5--fold higher power to obtain a comparable effect at both depths (50 µW total output power, corresponding to ~25 mW/mm 2 , according to ref.
[ 21 ]). Moreover, even at higher powers, inhibition is more pronounced with TFs, suggesting that tapered fibers stimulate a higher number of ChR2--expressing GABAergic neurons.
Subsampling the volume of interest
A further benefit provided by TFs is the ability to dynamically control the illumination volume by changing the light input angle θ at the laser input end of the fiber. The angle θ defines the subset of guided modes injected into the fiber 13, 14 which in turn determines the cross section of the taper at which each is emitted. The position of the emitting section along the taper depends on θ as expected from the ray tracing simulations ( Fig. S12 and Movie 1). In particular, low input angles allow light to outcouple close to the taper tip, whereas light injected at high input angles is mainly emitted at sections farther from the tip.
To characterize the geometrical emission properties of TFs as a function of θ ( Fig. 5) we implemented a simple optical path in which θ is changed by translating a mirror (Fig.  S13a) .
Monitoring the fluorescence generated by a TF inserted into a fluorescein solution shows that the emitting segment (~300 µm long) can be moved almost continuously along ~1 mm or 1.5 mm, respectively, in 0.22 NA/ψ=2.2° or 0.39 NA/ψ=2.9° TFs (Fig. 5a,b) . Importantly, total delivered light power is nearly independent on θ, apart for input angles very close to the maximum acceptance angle (Fig. 5c ). To rapidly scan the illumination across brain volumes we used launching system with a scanning galvanometer and relay optics to change θ ( (Fig. 5e--g ).
In vivo multi--site stimulation
Selection of the emitting region of the taper is possible because different input angles corresponds to different sets of guided modes in the fiber 14 , which are outcoupled at different sections of the taper. However, while propagating into the fiber, a single subset of guided modes may undergo modal mixing induced by fiber impurities and bends. This could redistribute part of the guided light power to other modes, potentially resulting in a rearrangement of light emission along the taper. This possibility is particularly important for experiments requiring site--specific stimulation in moving animals that may induce unpredictable motions of the patch fiber. To evaluate the viability of using TFs for site--selective light delivery in moving mice, we measured the effects of fiber bending and shaking on light output from the TFs (Fig. S14) . For a fixed input angle (θ=17°) the patch fiber carrying light to a TF with 0.39 NA/ψ = 2.9° was shaken and/or curved in order to simulate animal movement. Simultaneously, taper emission into a fluorescein droplet was recorded at high frame rate (~100 fps) with exposure time of 10 ms (Movies 5, 6 and 7). Light delivery fluctuations were quantified in terms of oscillations in the peak intensity, full--width at half maximum, and center of the light emission profile -fiber shaking and bending produced variations of all three metrics below 5% (Fig. S14) .
To demonstrate the feasibility of multi--site optogenetic stimulation through a single TF in an individual animal, we examined spontaneous locomotion behavior of a mouse in an open arena ( Fig. 6 ) using video recorded with depth time of flight cameras 22 . TFs were designed (0.39 NA, ψ =2.3°) and implanted spanning the dorsal and ventral medial striatum of two mice (33.6g, and 31.7g at the time of implant) expressing ChR2 in all iSPNs as above (Ador2a--Cre; Ai32). An optical pathway was designed (Fig. 6a ) and calibrated to deliver the same power of light from the distal (ventral striatum) and proximal (dorsal striatum) sites (Fig. 6c) using, respectively, 8° (θ1) and 22.5° (θ2) launch angles ( Fig. 6a and Fig. S15 ).
Eight days after implant surgery, the mice were placed in an open circular arena and video recorded. Light was delivered to the brain via an optical commutator, a lightweight patch cord (200 µm Core, 0.39 NA, 1 meter long), and two fiber--fiber conjunctions as typically used for unrestrained mouse behavior experiments (Fig.  6a--b) . The experimental paradigm consisted of 3 min blocks of either no stimulation (ns), or laser input to the fiber at angle 1 (θ1) or angle 2 (θ2) repeated in the following pattern ns θ1 ns θ2 ns θ1 ns θ2 ns, corresponding to alternating stimulation of ventral (θ1) and dorsal (θ2) striatum separated by periods of no stimulation (Fig. 6d) . On the subsequent day of analysis the order of ventral (θ1) and dorsal (θ2) stimulation were reversed. Thus a total of 9 blocks per session were recorded in each of 2 days for the 2 mice. Basic video analyses of locomotion speed and orientation (Fig. 6e) reveal that stimulation at either dorsal or ventral striatum reduced locomotion and triggered contraversive spinning (Fig. 6f) with ventral stimulation via light injection at angle θ2 inducing more profound effects (distance traversed/3 min: ns: 3.16 ± 1.45m, n=10; ventral (θ1): 0.41m ± 0.27, n=4; dorsal(θ2): 1.18m ± 0.18, n=4; θ1 vs. θ2: p=0.0286. θ1 vs. ns: p = 0.002; θ2 vs ns: p =0.002) (Fig. 6g) .
Mouse locomotion and posture (Fig. 7a) were analyzed using a machine learning approach that automatically detects repeated time varying "syllables" that correspond to the animal's postural dynamics 22 . This technique produces a hidden Markov model in which each state encapsulates the postural dynamics of the mouse in each expressed syllable of behavior. The model is built using 3--dimensional postural information derived from each video frame collected (at 30 Hz) for both mice across all imaging sessions and stimulation conditions. In this case, 14 syllables were sufficient to explain on ~94% of locomotion behavior for the 2 mice in all sessions (ns: 87%; ventral (θ1): 98%; dorsal (θ2): 97%) (Fig. 7b) . Furthermore, consistent with the previously described effects of iSPN stimulation on locomotion 23 (Fig.  6) the most commonly observed behavior was pausing (syllable 1 and syllable 7) corresponding to a motionless mouse (in ns: 1.09%; ventral (θ1): 74%; dorsal (θ2): 38%) ( Fig.  7b and Video 8) Within all the time included in these 14 syllables, the relative expression of the pause syllable varied across conditions, being most prominent in the ventral stimulation condition (Fig. 7c) . Many of the remaining dominant non--pause, i.e. movement related syllables were also differentially expressed across stimulation condition (syllables 2--6 and 8--14: ns: 86%; ventral (θ1): 24%; dorsal (θ2): 59%) (Fig. 7d) .
As described by these dominant 12 movement syllables, stimulation of ventral and dorsal striatum evoked different patterns of locomotion behavior. To demonstrate the difference in locomotion behavior between syllables as well as to highlight the consistency of behavior within a syllable across stimulation conditions, we plotted 100 instances of the head and tail trajectory relative to its body center in syllables 5 and 6 ( Fig. 7e and Video 9 and 10) . This feature may be even more important when considering inhibitory and spectrally shifted opsins that may require more light to achieve an effective neuronal perturbation.
Nevertheless, for select applications, such as when the volume to be illuminated is extended in the orientation perpendicular that of the fiber, FF may provide a more effective light source.
Conversely, TFs also solve the problem of achieving on--the--fly adjustable delivery without moving the TF (Movies 1--3, Fig. 5--7) , even of multiple light wavelengths (Movie 4) to sub--volumes of brain tissue. Site--selective light delivery is achieved using a simple optical setup that injects light into the fiber with a defined and adjustable angle θ. At the minimum, this setup consists of one lens and one translating mirror for slowly adjusting θ (Fig. S13a) . For high--speed control, three lenses and one galvanometric mirror (Fig. S13b) For example, subregions of the striatum subserve different functions with specialized contributions to behavior being evident along the dorsal/ventral as well as medial/lateral axes and course topographic mapping to cortex laid out along the anterior/posterior axis 33 .
This suborganization is difficult to access in a single experimental animal. As we demonstrate (Fig.  3,6 --7), with a TF it is possible to illuminate an elongated column of striatum that spans the dorsal/ventral axis and compare, in a single animal, the effects of selective optogenetic manipulation of subregions along the fiber axis. Given that the striatum spans several millimeters in the mouse, these experiments are impractical with standard FF as these can neither deliver light to the entire structure nor to be repositioned for selective stimulation. For results of simulations reported in Fig.  1b  and  Fig.  S2 , the source was modeled as a single ray injected into the fiber with a defined angle of incidence with respect to fiber optical axis.
For simulations reported in Fig. 1 and Fig. S3 and S4 a monochromatic source (λ=473 nm) was modeled as a bundle of unpolarized parallel rays having a Gaussian intensity profile. The mm which focuses on the fiber core with a 1.6 µm RMS spot radius; the latter was used with both fibers, with a Gaussian beam radius of 1.84 mm which produces a 1.9 µm RMS spot radius. For simulations displayed in Fig.  S12  a  parallel and unpolarized Gaussian beam with radius 25 µm at 1/e 2 intensity was injected at different input angles.
The irradiance profile of the light out--coupled from the taper was recorded through a rectangular pixelated detector laid along the taper sidewall ( Figure  S4 ). Detector length was set as the taper side length and its width to 20 µm. These profiles are then averaged along the short side of the detector and fitted with a Gaussian function. The full--width at half maximum criterion was used to retrieve the emission length (L0.5, measured axially from the taper tip) from the irradiance profiles. For each single ray tracing session, 5M rays were launched into the system and each ray was split at the boundary between two different media, according to Fresnel coefficients.
TFs stub preparation and optical measurements. Tapered optical fibers with taper angles in the rage 2°< ψ <8° were obtained from OptogeniX (www.optogenix.com) and connected to a ceramic ferrules following the procedure described previously 36 . A ceramic ferrule--SMA patch cable was used to connect the fiber stub to the optical setup displayed in Fig. S4 for full NA light injection or to the setups schematized in Fig. S13 for site-- Use of Laboratory Animals. Recordings in primary motor cortex and off--line analysis of spiking rates were accomplished as previously described 18 . Mice were habituated to head--restraint prior to the recording session. Only one fiber optic (TF or FF) was inserted at a time and the effects of transient stimulation of cortical inhibitory neurons on identified units were examined. For each unit, spiking rates were normalized to the pre--illumination rate. Averages were calculated across neurons. Two mice were used for these experiments and both were B6.Cg--Tg(Slc32a1--COP4*H134R/EYFP)8Gfng/J purchased from Jackson Laboratory (Stock #014548).
Analysis of c--fos induction. Transgenic adult male animals (weight 26--42 grams) were
anesthetized with isoflurane and placed in a small animal stereotaxic frame (David Kopf instruments). Under aseptic conditions, the skull was exposed and a small hole was drilled. Open field analysis. Mice were recorded using a Microsoft Kinect (v1), which records depth video data at 30 frames per second. For data in figure  6 , scalar features were extracted using previously published methods 22 .
For modeling data in figure 7 , the open field behavior was analyzed using previously published methods 22 . In brief, the data were subjected to machine learning methods that describe the mouse's behavior as re--usable sub--second modules, or syllables. All free parameters were set to the values described in Wiltschko et al 22 with the exception of the stickiness parameters, kappa, which sets the model's tendency to remain in the same syllable over time (rather than switch between different syllables). This parameter was tuned so that the overall syllable duration distribution qualitatively matched a model--free analysis of behavioral change--points as in Wiltschko et al 22 . For this analysis we set kappa to 291600. For head and tail positioning of the mouse in Fig. 7 , the head and tail position were computed first by fitting an ellipse to the image of the mouse 22 . Then the head and tail positions were defined as the two farthest points of the ellipse (i.e. the points of the ellipse that intersect with its principal axis).
Data availability: All data and code are available from the authors. day 2). *p < 0.05, **p<0.01, using a two--tailed Mann--Whitney U test. 
